Periodontal regeneration is a complex process that requires coordinated responses from several cell types within the periodontium. It is generally accepted that the periodontal ligament (PDL) has a heterogeneous cell population, where some of the cells may be capable of differentiating into either cementoblasts or osteoblasts. Thus, it has been hypothesized that PDL cells play a role in promoting periodontal regeneration. However, definitive evidence to support this concept is lacking. Previously, we reported that PDL cells induce biomineralization as determined by Von Kossa histochemistry and transmission electron microscopy. To further determine the osteoblast-like properties of PDL cells, human PDL cells were exposed to dexamethasone (DEX) in order to promote an Osteoblast phenotype, and then cell activity monitored during mineral nodule formation in vitro. For mineralization studies, cells were cultured in DMEM containing 10% FBS and a) vehicle only; b) ascorbic acid (50 pg/ml) and ß-glycerophosphate (10 mM); or c) ascorbic acid, ß-glycerophosphate and DEX (100 nM) for 30 days. In addition, the effects of DEX on PDL cells in non-mineralizing media were determined. Cells were stained weekly to evaluate mineral-like nodules, using the Von Kossa method. Northern blot analyses for rnRNA steady state levels for several bone-associated proteins, i.e., osteopontin (OPN), bone sialoprotein (BSP), alkaline Phosphatase (ALP), osteocalcin (OCN), ct2(l)(type 1) collagen and osteonectin (ON), were performed. DNA levels were also determined during the 30-day minerahzation period. Under phase contrast microscopy, PDL cells in non-rnineralizing media treated with DEX exhibited a more spindle-shaped morphology when compared with similar cells not exposed to DEX. Mineralizing conditions were required to induce mineral nodule formation. However, in this situation, mineral induction was independent of DEX; and furthermore, DEX-treated cells did not exhibit a different morphological pattern when compared with non-DEX treated cells. Mineral-like nodules were first seen at day 15, in concert with an increase followed by a decrease in expression of type I collagen and ON mRNA in both DEX-treated and non-treated cultures. Using Northern blot analysis for detection of specific proteins, we found that PDL cells did not express OPN, BSP, OCN, or ALP under any of the conditions used in this study. DEX did not alter DNA content in the cultures during the minerahzation period. These results confirm that human periodontal ligament cells can be induced to mineralize in vitro and indicate that dexamethasone does not significantly alter the extent and pattern of mineralization.
the exact role of specific cell types within the periodontium in the regenerative process is not yet established,4 current evidence supports the concept that periodontal regeneration is promoted through the activation of cells in the remaining healthy portion of the periodontal ligament, as well as through activation of cells in the perivascular region.4-6 Studies focusing on the characterization of PDL cells in vitro indicate that these cells have osteoblast-like properties including synthesis and expression of alkaline Phosphatase (ALP) and osteopontin (OPN), 1, 25 dihydroxyvitamin D3-induced bone 'gla' protein synthesis, responsiveness to parathyroid hormone (PTH), and dexamethasone-(DEX) induced PTH-mediated cAMP synthesis. [7] [8] [9] [10] [11] [12] [13] [14] Furthermore, PDL cells have the capacity to produce mineralized nodules in vitro under appropriate conditions, i.e., in mineralization medium which includes ascorbic acid, ß-glycerophosphate and the glucocorticoid, dexamethasone.714-18 Further, using transmission electron microscopy, we demonstrated that mineralization is associated with collagen fibrils.15 These findings led researchers to hypothesize that progenitor cells of cementoblasts and osteoblasts exist in PDL tissue, and that PDL cells, at least in part, are responsible for stimulating and directing regeneration of the periodontium in vivo. [1] [2] [3] [4] [5] [6] However, definitive evidence demonstrating that PDL tissues contain osteoprogenitor cells having the capacity to differentiate into osteoblasts and/or cementoblasts in vivo or in vitro is lacking.619 Our recent studies demonstrated that PDL cells in vitro, when exposed to dexamethasone (DEX), elicited a dose-dependent increase in cAMP production in response to PTH stimulation." This prompted us to further characterize the properties of DEX-treated PDL cells in vitro. DEX has been shown to selectively stimulate osteoprogenitor cell proliferation and to induce osteoblastic cell differentiation in many other cell systems. [20] [21] [22] [23] [24] The fact that mineralization medium, which contains ascorbic acid, ß-glycerophosphate and DEX, induces mineralization in PDL cultures suggests that factors such as DEX may influence differentiation. In the presence of DEX, rat marrow stromal cells have been reported to promote mineralized nodules. [24] [25] [26] Furthermore, removal of DEX from mineralization media prevented bone marrow stromal cell-induced nodule formation. Although several reports imply the permissive role of dexamethasone in initiating differentiation of osteoprogenitor cells, the precise role of this agent in modulating metabolism and biologic activity of human osteoblastic and fibroblastic cell systems is not known.
In the present study, the ability of DEX to influence PDL cell-induced mineralization in vitro was determined.
Furthermore, mRNA expression of specific genes representative of the osteoblastic phenotype, including alkaline Phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP) was determined during differentiation in vitro.
MATERIALS AND METHODS

Supplies
Cell culture media and supplements were purchased,8 along with dexamethasone, calf thymus DNA, ß-glycerophosphate,11 ascorbic acid,11 nylon membranes and random primer labeling kit/ and 32P-dCTP.** Cell Isolation and Culture PDL fibroblasts were isolated and cultured as reported in detail previously.9 Briefly, PDL tissues were obtained from the periodontal ligaments of premolar teeth extracted for orthodontic reasons. After extraction the teeth were placed in biopsy media (Dulbecco's modified Eagles media [DMEM] with 10% fetal bovine serum [FBS], 250 µg/ml gentamicin sulfate, 5 µg/ml amphotericin B, 100 units/ml penicillin, 100 µg/ml streptomycin). Only periodontal ligament attached to the middle third of the root was removed with a sealer to avoid contamination with gingival and apical tissues. The PDL tissues were cut into small pieces, rinsed with biopsy media, placed in tissue culture dishes, and glass cover slips were placed over the tissues to prevent floating. PDL tissues were incubated in biopsy medium in a humidified atmosphere of 95% air and 5% C02 at 37°C overnight. The following day, biopsy medium was replaced with culture medium (DMEM with 10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin). After reaching confluence, cells were passaged with 0.25% trypsin-0.1% ethylene diaminotetraacetic acid (EDTA). PDL cells were used between the 4th and 6th passage for all experiments.
Mineralization Protocol
Previously, we found that human PDL cells, cultured as described in the present study, induce formation of mineral nodules that are associated with collagen fibrils, i.e., biomineralization as determined by electron microscopy and Von Kossa analysis.15 For the studies here, to correlate gene expression with mineralization, Von Kossa histochemistry was used. PDL cells were seeded at an initial density of 30,000 cells/cm2 in 35 mm dishes. Before reaching confluence, culture dishes were divided into 3 groups and cells were cultured in DMEM containing a) 10% FBS (control); b) 10% FBS with mineralization supplements (50 µg/ml ascorbic acid, 10 mM ß-glycerophosphate); or c) 10% FBS, mineralization supplements and dexamethasone (100 nM) for 30 days. The media for all groups were changed every 2 days. To detect formation of mineral-like nodules, the cells were fixed and sGibco BRL, Grand Island, NY. April 1997 stained weekly, using the Von Kossa method as described. 27 Briefly, cells were fixed with 95% ethanol and flooded with 5% AgNO, for 1 hour, washed with distilled water, then exposed to light for 30 minutes.
Northern Blot Analyses PDL cells were plated at a density of 30,000 cells/cm2 in 60 mm tissue culture dishes and treated with DMEM containing mineralization supplements and vehicle or dexamethasone (100 nM) for 30 days. Media were changed every 2 days and at days 0, 3, 7, 10, 15, 20, 25, and 30; total RNA from each group was isolated by the guanidinium isothiocyanate method28 and quantified by A260. Total RNA (20pg) was denatured and electrophoresed in sample buffer (50% formamide, 10% 3-(N-morpholino) propane sulfonic acid (MOPS) buffer, 18% formaldehyde, 10% glycerol, 0.5% bromophenol blue, 1 pg ethidium bromide) on 1.2% agarpse formaldehyde gels. RNA was transferred to nylon membranes via passive transfer and crosslinked by ultraviolet transillumination. The following cDNA probes were used: mouse collagen type I (ct2 I),29 rat parathyroid hormone/parathyroid hormone-related protein (PTH/PTHrP) receptor (R15B),30 mouse alkaline Phosphatase31 (ALP), human osteopontin (OPN),32 rat bone sialoprotein (BSP),33 rat osteonectin (ON),34 rat osteocalcin (OCN)35 and 18S rRNA36 (control for loading). All cDNA probes were labeled with 32P-deoxycytidine triphosphate (dCTP) using random primer labeling. The nylon membranes were pre-hybridized for 1 hour at 42°C (53% formamide, 0.2% sodium dodecyl sulfate [SDS], and 1 mg/ml denatured salmon sperm DNA) followed by the addition of labeled cDNA probes and hybridized overnight at 42°C. The membranes were washed 8 times for 15 minutes each, increasing the temperature to 50°C with decreasing concentrations of salt sodium citrate (SSC) in 0.1% SDS. The blots were exposed to Kodak X-OMAT film with intensifying screens for various times at -70°C and developed in an automatic film processor.
The relative expression of mRNA on autoradiographs was determined by scanning densitometry using NIH Image and a computer. " The data are expressed as a ratio of mRNA signal to 18S rRNA signal and standardized to 1.0 at day 0.
DNA Measurement
The DNA content was determined in cell lysates prepared for RNA isolation. DNA was measured using the fluorochrome bisbenzimidazole (Hoescht 33258) with a fluorometer** according to a method modified from that of Rymaszewski et al. 37 Briefly, DNA standards or cell lysates were mixed with 2 ml assay buffer (1 mM EDTA, "Power Mac 8100, Apple Computers, Cupertino, CA.
"TKO 100-Mini Fluorometer, Hoefer Scientific Instruments, San Francisco, CA. 10 mM tris base, 200 mM sodium chloride [pH 7 .4] and 0.2 pg/ml fluorochrome bisbenzimidazole). The DNA content of calf thymus standard was calibrated and each sample-was read in duplicate. The DNA content in cell lysates was quantified using a regression line as the standard curve, and results were expressed as the mean ± standard error of the mean (SEM) of duplicate samples.
Statistical Analyses
Data for the DNA levels in cultures were evaluated using a statistical software program.88 Analysis of variance followed by multiple comparisons using Tukey's mean separation test was used to determine statistical significance.
RESULTS
Morphology
Nodules were first detected visually in PDL cultures induced to mineralize between days 15 and 20, and increased in size and number thereafter. The Von Kossa staining method was used to localize phosphate deposits in PDL cultures weekly (day 20; Fig. 1 ). PDL cells, cultured with mineralization supplements, displayed nodule formation that was qualitatively similar in size and extent with or without DEX supplementation (Fig. IB, C ). There were no Von Kossa-positive nodules in the PDL cultures without mineralization supplements (Fig. 1A) . These findings were reproduced in four separate experiments.
Although there was no difference in mineralized nodule appearance with DEX, there were striking differences in PDL cell morphology with DEX treatment in the cultures that were not supplemented with ascorbic acid and ß-glycerophosphate. The DEX-treated cells appeared to be more densely packed and had a spindloid morphology compared to the more cuboidal yet elongated control PDL cells (Fig. 2 ).
Northern Blot Analyses Northern blot analyses revealed a similar pattern of steady state collagen type I gene expression in cultures with mineralization supplementation with or without DEX treatment. In both groups, collagen type I mRNA levels increased 2-fold to peak values at day 10, and subsequently decreased. The peak of collagen expression preceded the appearance of the first mineral-like nodules observed by Von Kossa staining (Fig. 3 ). Osteonectin (ON) mRNA levels were higher initially (days 0, 3, 7, and 10) and subsequently declined prior to the time when mineral-like nodules were first detected (Fig. 4 ). The pattern of ON mRNA expression was similar with or without DEX treatment.
There were no detectable mRNA signals on autoradiographs for PTH/PTHrP receptor, ALP, OPN, BSP, or HInstat 2.1, Graph-PAD Software, San Diego, CA. Figure 1 . Phase contrast micrographs of PDL cells after 20 days of culture and staining for mineralized nodules using the Von Kossa method. A) control, no mineralization supplements; B) mineralization supplements (50 pglml ascorbic acid, 10 mM ß-glycerophosphate); and C) mineralization supplements plus DEX ( 100 nM). Mineralized nodules were detected to a similar extent in cultures with mineralization supplements with or without DEX, whereas no nodules were detected in the control group. Figure 2 . Phase contrast micrographs of PDL cell cultures treated with A) control (vehicle only) or B) DEX (100 nM). DEX-treated cells appeared to be more densely packed and had a more spindloid morphology.
OCN, although positive signals were detected with appropriate Osteoblast controls (data not shown).
DNA Content
DNA levels increased rapidly between days 3 and 7 and reached a plateau thereafter. The total DNA content in cell lysates was similar with or without DEX treatment (Fig. 5 ).
DISCUSSION
The results of this study confirm that periodontal ligament cells can initiate mineral-like nodules in vitro, as demonstrated previously by several groups.71517 During the first 10 to 12 days after plating cells, DNA levels of the cultures showed a marked increase followed by a plateau. This is in agreement with the data of Stein et al. 38 who reported an increased expression of H4, a reflection DNA synthesis, in fetal calvaria-derived cells during differentiation. Although morphological differences were noted in DEX-treated, non-mineralization media cultures versus control cultures (i.e., non-mineralization media), dexamethasone treatment did not alter the capacity of PDL cells exposed to mineralization media to form minerallike nodules. Furthermore, similar expression patterns of type I collagen and osteonectin (ON) mRNA expression were observed in DEX-treated and DEX(-) cultures during mineralization in vitro. We had predicted that cells exposed to DEX would behave significantly different from unexposed cells in vitro. Several reports using bone culture systems reported that DEX stimulated proliferation of osteoprogenitor cells and/or enhancement of bone matrix gene expression. [20] [21] [22] [23] [24] The lack of such responsiveness of PDL cells in vitro to DEX in the studies described presents an intriguing finding likely due to multiple factors.
Previous studies have shown that, following a proliferative phase, bone cells differentiate and begin to deposit a collagenous matrix that subsequently supports maturation of the Osteoblast phenotype. [39] [40] [41] In the present study, type I collagen gene expression increased until the time that mineral-like nodules were first detected, and declined thereafter. This is similar to findings reported for the in vitro differentiation of primary osteoblastic cells.39-40 Franceschi and Iyer, using a pre-osteoblastic cell line, MC3T3-E1 cells, have shown that collagen synthesis and/ or accumulation is required for subsequent expression of ascorbic acid-dependent promotion. 41 Kasugai et al. reported a 5-fold increase of the production of type I and type III collagens in dental pulp cells after DEX supplementation of mineralization-inducing media, as well as a greater number of mineralized nodules when compared to cultures without dexamethasone. 42 In our study, we did 10 Î4 20 25 Figure 4 . Northern blot analysis for osteonectin mRNA expression during 30-day mineralization protocol. A) autoradiograph of osteonectin mRNA expression for control cultures; B) autoradiograph of 18S rRNA for control cultures; C) autoradiograph of osteonectin for DEX-treated ( 100 nM) cultures; D) autoradiograph of 18S rRNA for DEX-treated cultures; and E) scanning densitometry values representing ratio of relative expression of osteonectin to 18S rRNA for autoradiographs in -D (control = O; DEX = ). not analyze cells for total protein or type I collagen production. However, it can be inferred from our finding of high levels of type I collagen mRNA expression prior to presence of detectable mineral-like nodules, that increased synthesis and deposition of collagen were required for subsequent events in mineralizing PDL cultures, similar to those seen in other culture systems.
In addition to determining changes in expression of type I collagen in DEX-treated cells, we also determined whether this treatment influenced gene expression of several other proteins associated with mineralization. Although ON/SPARC is not considered to be involved in bone formation and mineralization, it is believed to play a role in extracellular matrix proteolysis. It has also been called a culture shock protein since it is found in high levels in many cultured cells.43 Since ON's expression during development has been found to be steady, rather than specific for osteoblastic differentiation, it is considered to be a product characterized as an essential element for connective tissue development.44 In the present study, ON steady state mRNA levels were similar in the mineralization cultures treated with or without dexamethasone. Interestingly, high levels of ON mRNA were noted at early time points, as often seen when cells are placed in culture, but declined with onset of mineralization. Takano-Yamamoto et al. 45 suggested that ON may play a role in regulating the mineralization process within the PDL, based on their findings of high levels of ON mRNA within the PDL of erupted teeth, as determined by in situ hybridization. Thus, while speculative at this point, it is possible that decreased expression of ON during mineralnodule formation in vitro assists in the formation of nod- ules. However, results from other studies directed at determining expression of specific proteins during mineralization are not consistent with our findings. Results from other studies report: 1) an increase in ON expression, measured at only one time point, day 14, using rat bone marrow cells.23 In the absence of DEX these cells do not induce mineralization; or 2) no change in constitutively expressed ON mRNA during mineralization using rat bone marrow cultures,24 or bovine bone cells. 44 In the latter situation, DEX was not required for the induction of mineralization. The difference in our findings when compared with others can be attributed to several factors which include differences in cell types and species used, the high number of non-osteoblast-like cells in the PDL cultures, especially with passage,46 and the time points studied. The mRNA signals for other proteins examined were not strong enough for detection by Northern analysis. We had anticipated that cells exposed to DEX plus mineralization media would exhibit mRNA for proteins associated with the Osteoblast phenotype. This was based on our studies demonstrating that DEX promoted an increase in PTH-mediated cAMP response by PDL cells in vitro." Thus, we hypothesized that a small population of cells within the culture had the capacity to function as osteoblasts when stimulated appropriately, i.e., mineralization media plus DEX. The lack of expression of message for proteins reported to be increased in pre-osteoblasts undergoing mineralization in culture can be attributed to several factors. First, only a few cells might be responsible for the mineral-like nodules formed in PDL cultures, and the density of this selective cell population may not be sufficient for detection of specific mRNAs by Northern blot analysis. This possibility is supported by several other studies on PDL cells and on osteoblasts in culture.
Nohutcu et al. 46 demonstrated that freshly isolated PDL cells express OPN and BSP mRNAs at very low levels, and when these cells are cultured for three passages, message for these proteins was not detectable by Northern analysis. Results from other studies provide evidence that osteoblasts, but not PDL cells, promote significant formation of bone/cementum-like material in vivo and in vitro.194748 Furthermore, in bone cell systems in culture, only a small number of cells differentiate, thus providing the appropriate environment for organizing their extracellular matrix into a bone-like structure.24 49 Second, gene expression for specific proteins may be transient in PDL cells and not detected by our selection time periods.46 For example, early expression of alkaline Phosphatase may be sufficient to initiate mineralization. Importantly, initiation and progression of mineralization are separate phenomena, and organic phosphate and alkaline Phosphatase play a crucial role in initiation of mineralization50-51 but are not required for continued nodule formation. 52 Alternatively, it is possible that a very limited number of cells expressed bone-associated proteins, but could not be detected by Northern analysis. Further studies, using in situ hybridization to analyze for specific proteins during PDL cellinduced mineral nodule formation in vitro, may help to determine if a very small population of cells is expressing proteins classically associated with the mineralization process, in vitro. Third, methods used for isolation of PDL cells for in vitro studies vary considerably. Importantly, Lin et al. and Ramakrishnan et al., using a different isolation method, have found a PDL population expressing classical Osteoblast features including alkaline Phosphatase.1618 They used an extraction socket wound healing model in rats, in which cells were obtained from the healing socket 2 days following tooth extraction. In contrast, most other groups obtain PDL tissues for culture from functional PDL regions of premolars extracted for orthodontic reasons or from the region of third molars 7-13-15-17-47-48 The results from this study indicate that DEX does not significantly alter the extent and pattern of PDL cell mineralization in vitro. Future studies directed at cloning selected populations of cells within the PDL will enhance our understanding about the role of these cells during maintenance, disease, and regeneration/repair of periodontal tissues. 
